The neodymium electrolysis produces unnecessary high emission of CF 4 and C 2 F 6 . These perfluorocarbons (PFCs) are potent greenhouse gases and are not filtered or destroyed in the off-gas. A process control in analogy to the aluminum electrolysis can reduce the PFC emission to a great extend and keep the process in a green process window. Therefore, a theoretical analysis is done of the cell voltage of the industrial neodymium electrolysis in dependence on the neodymium oxide concentration in the electrolyte. The analysis shows the different contributions to the cell voltage focusing on the impact of the anodic overvoltage on the cell voltage, by which the electrolysis process can be controlled. The model of the cell voltage is evaluated by laboratory neodymium electrolysis with a similar setup as the industrial cell. The relation of the oxide concentration, the anodic current density and the cell voltage with the cell resistance are measured. The continuous off-gas measurements show the gas concentration and PFC emissions. The effect of Nd 2 O 3 feeding on the galvanostatic electrolysis is analyzed as well. Based on the results a process control strategy is proposed similar to the aluminum electrolysis strategy. The green process window is in a narrow oxide concentration range, making a continuous and precise oxide feeding essential.
Introduction
Neodymium as other rare earth elements is transformed to metal by oxide elec-trolysis in a fluoride electrolyte. The industrial rare earth electrolysis is not automated, is on low technological level and is still based on operator experience.
Alternative processes are not likely to come into production in the next decade [1] . Because of its employment with about 30%* 1 in permanent magnets, the production of neodymium metal increased rapidly from 1990s on [2] and reaches about 30,000 t in 2016 [3] . While conducting the electrolysis, the anode reaction produces mainly CO and CO 2 , but also CF 4 and C 2 F 6 , which are PFCs with greenhouse gas potential of 7,390 and 12,200 CO 2 -equivalents respectively [4] .
As shown in part I, the sum of CO 2 -eq. from a continuous PFC emitting electrolysis can be as high as 20 million tons per year [5] . Minimizing the PFC emission needs to be a primary goal of the rare earth electrolysis. The definition of a process window for a sustainable electrolysis is determined by the partial anode effect, where the first CF 4 can be detected, as shown in Part I [5] . The current density should not be higher than the partial anode effect at a given oxide concentration in the electrolyte. The oxide feeding has to prevent an oxide depletion of the electrolyte. For the aluminum electrolysis, a decrease in greenhouse gas emission over time was achieved by improvements in its process control with an appropriate feeding strategy, lowering the number and time of anode effects.
Because of the vertical electrode setup of the neodymium electrolysis cell, the behavior of the anode effect can be different as known from the horizontal anode setup of the aluminum electrolysis [1] . Nevertheless, the process control should manage the right amount of oxide in the electrolyte, avoiding the critical conditions of PFC formation. Therefore, a similar process control is needed for the rare earth electrolysis. Foremost the neodymium electrolysis should be equipped with an automated process control because of its production quantity.
The control system can be applied to the other rare earth oxide electrolysis processes as well. Figure 1 shows the most important electrolysis parameters to control the anodic off-gas without PFC content.
Process Control Strategy
The oxide concentration is the only value, which can be changed in the conventional rare earth electrolysis. The anode size and position is regarded as fixed Figure 1 . Relevant interrelations for a PFC controlling process control. 1 Percentage in this work is by mass unless otherwise marked. and the current is not changed in the galvanostatic process. The voltage, and by taking the current into account, also the electrical resistance, are the only directly visible values of the process. The aluminum electrolysis is controlled with a defined upper voltage, where the overfeeding of alumina is initiated before running into anode effect. The duration of this overfeeding period is calculated.
Then the underfeeding starts to avoid a sludging of the cell due to undissolved oxides [6] [7] . The same principle of control also works for the rare earth electrolysis, because the relation of the oxide content of the electrolyte to the electrolysis voltage and critical current density is already shown [5] . The solubility of neodymium oxide in the NdF 3 -LiF electrolyte is smaller than for alumina in the cryolite electrolyte with only about 4% [8] . There are more differences in the electrolytic system and cell design making a theoretical analysis and an experimental investigation of the oxide related cell resistance and oxide feeding process in the galvanostatic electrolysis necessary.
In this approach, the control of the anodic product is the primary goal. The formation of the gaseous product is influenced by the current density, the voltage and the oxide concentration, while the anodic products can influence the electrical resistance, which is happening at the passivation phenomenon at the partial and full anode effect, clearly visible at the linear voltammograms in part I [5] . The dynamic cell voltage can be calculated theoretically by analyzing the oxygen concentration dependent overvoltages, in particular the anodic overvoltage according to the extensive work done by Vogt et al. for the aluminum electrolysis [9] [10] [11] .
The total cell voltage is the sum of the following voltage drops and overvoltage phenomena, some of which are dependent on the concentration of the oxygen containing ions. Each contribution will be discussed separately below: With a saturation concentration of 4% [8] at 1050˚C an increase in the decomposition voltage is found with decreasing oxide concentration. When the oxide concentration falls from 2% to 0.2% the voltage increases with 50 mV, as shown in Figure 2 .
In addition, the temperature has a strong influence on the decomposition voltage. As Figure 3 shows, the decline of the enabling reaction of neodymium oxide with carbon to CO is stronger than to CO 2 . The theoretical decomposition voltage decreases from 1025˚C to 1100˚C with about 70 mV.
The temperature dependence plays a minor role because the system is regarded to stay at 1050˚C. The kinetic effects of the electrode reactions are much stronger, leading to various overvoltage phenomenon with a strong oxygen concentration dependency. Linear voltammograms of the system clearly show this behavior [5] . 
Anodic Overvoltage
The anodic overvoltage shows the strongest oxygen concentration dependence.
Two major contributors to the overvoltage can be distinguished. This is the diffusion overvoltage as the kinetic effect of product transport from the anode to the electrolyte and the charge transfer overvoltage, including the diffusion of the reactant at the electrode interface [9] . Another study analyzes the anodic overvoltage of the Nd 2 O 3 -NdF 3 -LiF system by a slow scanning oscillogram at 2, 3 and 4% Nd 2 O 3 concentration between a current density of 0.37 and 0.73 A/cm [13] .
The minimum was found at high oxide concentration and low current density with 0.07 V and a maximum at 2% Nd 2 O 3 and 0.73 A/cm 2 with 0.34 V. However, the overvoltage should theoretically rise much more with lower oxide concentration, which is the important window for a process control similar to the aluminum electrolysis and needs further investigation.
Concentration Corrected Anodic Charge Transfer Overvoltage
The concentration of the oxygen containing ions at the anode has the strongest influence on the anodic overvoltage. Vogt and Thonstad [9] determined the charge transfer overpotential by considering the diffusion of this ion species in accordance to the concentration corrected Butler-Volmer equation. By this the concentration overvoltage for the reacting ion is included with the mass transfer coefficient. The formula fitted for the neodymium electrolysis system with the anodic reaction producing CO can be expressed as [9] [10]: 
Diffusion Overvoltage of Anode Product
The anodic product is transported off the anode as gas bubbles and dissolved gas in the electrolyte [14] [15] . The formation of bubbles depends on the wettability and fluid dynamics condition [11] . The bubble coverage ratio θ is reducing the active anode surface. Because of the vertical anode setup and fast electrolyte movement [16] , this ratio should be small for a current density below the partial anode effect. Still there is a substantial amount of gas dissolving in the electrolyte leading to a saturation dependent overvoltage. The anodic gaseous product is considered here for reasons of simplicity to be only CO. Even though the reaction kinetics should also lead to a CO 2 formation, the major off-gas component was experimentally found to be CO. This diffusion overvoltage of the anodic CO formation can be expressed as [9] : 
Ohmic Resistance Electrolyte
The ohmic resistance of the electrolyte is also dependent on the oxide concen- 
A linear increase in the electric resistance with rising oxide concentration is obtained. The exact behavior of the conductivity is an important value for the process control and should be investigated further.
Electric Resistances Independent of the Oxide Concentration
The constant ohmic resistances of the anode and cathode are dependent on the specific conductivity of the material, its cross section and the temperature and can be calculated individually. The graphite anode resistance of the 3 kA cell is approximated with 0.061 mΩ [19] and the tungsten cathode resistance with 0.07 mΩ [20] .
The cathode overvoltage is not investigated separately and is approximated to be about −0.1 V following an investigation on the cathodic overvoltage of the aluminum electrolysis [21] .
Model of the Cell Voltage
The theoretical model of the cell voltage of the conventional 3 kA technology of the Chinese industrial cell is according to equation 1 the sum of all over voltages and resistances. Figure 5 shows the dynamic oxide dependent behavior of the cell voltage with all contributions. The cell voltage is calculated to be between 8 and 9 V, which is in good accordance with literature data, stating a voltage of 9 to 11 V [22] . The peripheral voltage drops in the bus bar connection is neglected here, making the theoretical result a realistic value. The major contribution to the cell voltage of 8 to 9 V is the ohmic resistance of the electrolyte. The minimum cell voltage is reached at a concentration of 0.64% Nd 2 O 3 . To smaller oxide concentration, the voltage increases rapidly due to the charge transfer overvoltage and to higher oxide concentration, the voltage increases due to the increase in electric resistance of the electrolyte.
The validity of the model is tested in laboratory scale electrolysis by 
Experimental Setup and Procedure
The electrolyte is prepared of 99.9% pure NdF 3 (Treibacher Industrie AG) and 99.85% LiF (Alfa Aesar GmbH & Co KG). The powder mixture with 87.5% NdF 3 and 12.5% LiF is dried over night at 300˚C and then pre-melted in a sealed furnace with 1.4 bar argon 5.0 atmosphere. The fluoride mixture is homogenized in a pure graphite crucible by superheating it shortly and then poured in a thin graphite mold for rapid solidification. The solid electrolyte is broken in pieces and about 2 kg is charged in the graphite crucible (SIGRAFINE® R8510; SGL Carbon) with an inner diameter of 10 cm. Similar to the industrial cell, the center cathode is a pure tungsten rod (99.95%; PLM GmbH) with 8 mm diameter surrounded by a hollow graphite cylinder anode (SIGRAFINE® R8510; SGL Carbon) of an inner diameter of 7.5 cm as depicted in Figure 6 . A molybdenum crucible (99.95%; PLM GmbH) with 3 cm height and an inner diameter of 4 cm is placed underneath the cathode rod to collect the liquid neodymium. The steel cell is placed in a SiC resistance heated furnace. Through the lid, a Pt-PtRhthermocouple with molybdenum sheath of 4 mm diameter (Omega Engineering GmbH) and an alumina insulation at the Swagelok connection is dipped in the liquid electrolyte to control the temperature at 1050˚C with a deviation due to electrolysis heat generation of about 10 K. Also the electrodes are insulated electrically at the water cooled lid by alumina sheaths. The sealed cell is flushed with pure argon 5.0 at 3 l/min. The voltammetry measurements are conducted by a potentiost at with a 40 A booster (Ivium Technologies). Electrolyte samples are taken by pure glass pipettes (HSQ300; Quarzglas Heinrich) filled with argon 5.0 with an inner diameter of 2.5 mm to determine the oxygen content. The pipette is dipped 3 cm in the electrolyte close to the anode, where the sample of about 1 g is taken out of the cell. The oxygen content in the 
Results and Discussion
The electrolyte contains up to 2% oxygen after drying and pre-melting the otherwise pure electrolyte. To lower the oxygen content a cleaning electrolysis is conducted for 3 hours at an average current of 6 A. The current density in the galvanostatic process is very low at about 0.08 A/cm 2 , to start the CO production anodically at a voltage of about 3.6 V as shown in Figure 7 . The voltage increases slowly due to the decreasing oxide content and without a disturbance in the cell voltage, the CF 4 emission starts. The production of PFC does not result in an observable passivation phenomenon. The concentration ratio CF 4 /CO rises slowly and reaches its maximum at 0.1. In the off-gas almost no CO 2 and C 2 F 6 are observed. Similar experiments show that the CF 4 formation can vanish and return without voltage disturbances. These partial anode effect events [5] are not detectable in the voltage signal, making it almost impossible for the process controller to know about the state of emission coming from the cell. Figure 11 . The continuous gas analysis shows the voltage at which the first CF 4 is detected in accordance to the linear sweep voltammetry from part I of this work [5] . When CF 4 is detected, the partial anode effect has happened. The process voltage should be kept below this measured voltage in dependence of the oxygen concentration and the current density. The electric resistance of the voltammetry measurements between 2.8 and 4.4 V are shown in Figure 12 . probably not the precise minimum resistance value. Nevertheless, the theoretical analysis gives a minimum at 0.64%, quite lower than the experimental result.
This leads to the conclusion, that the influence of the anodic overvoltage is The oxide feeding effect on the galvanostatic electrolysis is tested at 30 A, equaling a current density of 0.4 A/cm 2 . Figure 14 shows the voltage behavior and the gas emission from the cell. The voltage is at 4.2 V and increases slightly while a few ppm CF 4 can be detected in the off-gas at 4.3 V. With rising voltage at 13:34 also the CF 4 concentration increases fast. When the cell runs into full anode effect, the voltage increases to the defined upper limit of the rectifier at 10 V. The computer controller initiates the oxide feeding, if a voltage threshold here at 5 V is surpassed for 1 minute. At the end of this minute, the CF 4 emission reaches its maximum with about 1% of the former CO emission. C 2 F 6 is detected in its maximum just in traces with 2% of the CF 4 emission. At the moment of oxide feeding the cell voltage drops immediately to 3.6 V. Simultaneously the CF 4 emission drops back to zero and the electrolysis returns to a PFC free process. With feeding of neodymium oxide, a sharp peak in water and CO 2 is detected because of remaining humid air entrapment in the dried and pressed powder. The water content in the cell atmosphere leads to a HF formation shortly after feeding, but returning back to normal soon after. continuous off-gas measurement with an alarm, as soon as 2 ppm CF 4 is surpassed triggering the oxide feeding.
A continuously high PFC emitting neodymium electrolysis is shown in Figure   16 , where the galvanostatic process runs without Nd 2 O 3 feeding at 50 A without disturbances in current. The voltage is agitated but remains at a level of about 4.8 V. While the CO concentration declines continuously, the CF 4 concentration rises continuously to 65% of the CO concentration in its maximum. Here the C 2 F 6 concentration reaches 10% of the CF 4 concentration. The electrolysis runs just above the partial anode effect, without jumping into full anode effect as shown in Figure 14 . The reason for this different behavior is not apparent, but might be due to different amounts or structure of the bottom sludge phase. The sludge could have an impact by redissolving some oxide ions and depleting the electrolyte more slowly than at the first feeding cycles, where the bottom sludge is just starting to build up.
Comparison of the Model of the Laboratory and Industrial Cell with the Experimental Investigation
The process control needs to be based on the cathode overvoltage were not determined experimentally. By measuring the cell constant by impedance spectroscopy between 500 to 10,000 Hz a more precise Figure 16 . Galvanostatic electrolysis at 50 A without feeding and strong PFC emission. [17] of the conductivity remains. The resistance of the electrolyte was found to be slightly smaller than calculated. While the theoretical decomposition voltage as the thermodynamic value at the given temperature is not changed, the anodic overvoltage has a much stronger influence than calculated. Adding 1% of Nd 2 O 3 to the galvanostatic electrolysis, a voltage drop of about 1 V can be detected, which is not in good accordance to the theoretical model of the charge transfer overvoltage, which predicts just about 0.1 V. This result can be transferred to the industrial neodymium cell. This means, the voltage drop of the electrolyte becomes smaller, but remains the major contributor.
The anodic overvoltage will have a greater influence on the cell voltage, with a minimum at higher oxide concentration. The theory predicts the minimum at 0.6% Nd 2 O 3 while the experiments show a minimum value at 1.4% Nd 2 O 3 . The industrial process is not directly comparable to the laboratory electrolysis, because the current density as a crucial value is quite different. The laboratory cell runs at 0.4 A/cm 2 , and the industrial is supposed to run at 1.4 A/cm 2 , even though the optimal current density is about 1.0 to 1.25 A/cm 2 according to an experimental study on the industrial cell between 2 and 3 kA [25] . The anodic current density of the industrial process is very high and needs to be always very close or already over the partial anode effect, depending of the oxygen concentration at the anode. Therefore, the emission of high amounts of PFC gases is very likely.
To run a sustainable rare earth electrolysis without frequent or permanent PFC emission, the cell voltage in dependence of the oxygen concentration and the CF 4 emission should be measured simultaneously. Below 0.7% Nd 2 O 3 the anodic overvoltage increases rapidly. Here the exact voltage at a given current density of the first CF 4 emission should be determined and a lower voltage with a safety gap defined. This safety voltage should not be surpassed. In best case, a continuous feeding of rare earth oxide is maintained to keep the electrolyte rich in oxygen but not overfeeding, which leads to a fast sludging of the cell bottom.
The mass flow of oxide is calculated by the faradaic oxygen consumption, taking the current efficiency into account, equalling a feeding rate of 100%. An underfeeding with e.g. 90% leads to a slow increase in cell voltage, until the defined safety voltage is reached. Then the overfeeding cycle starts for example with 110% for a defined time of e.g. 5 min, before the underfeeding starts again. By this measure, it should be possible to maintain the electrolysis in a narrow oxide concentration range, running the process PFC free. Only in the case of a process instability, the cell runs into partial or full anode effect emitting PFCs, which still is by far less than a continuous PFC emission. If the cell off-gas is measured continuously, the anode effect program of the pot control unit could feed at the first detection of CF 4 shortly a high amount of oxide e.g. 150% to immediately stop the CF 4 formation. In the case that the oxide needs more time to dissolve than the direct response of the laboratory cell suggests (Figure 14 and Figure 15 ), the cell current could be decreased for a short time, e.g. 5 min, to decrease the anode current density to get the cell out of its critical state.
If the industrial neodymium electrolysis always runs above the partial anode effect with a continuous PFC emission, more fundamental changes have to be made. If the oxide feeding is already appropriate, the current has to be decreased to lower the anode current density and switch to a PFC free anode process, because the anode position cannot be changed in this cell. By lowering the current, also the voltage decreases, leading to a lower power input and lower heating of the cell. Hence, the heat generation is out of balance and a better thermal insulation or a bigger cell becomes necessary.
Conclusion
The neodymium electrolysis can run continuously with high CF 4 
